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ADAPTIVE CONTROL OF FUEL DELIVERY
IN DIRECT INJECTION ENGINES

FIELD

The present disclosure relates to direct injection engines,
and more particularly to adaptive control of fuel delivery 1n
direct injection engines.

BACKGROUND

The background description provided herein is for the pur-
pose ol generally presenting the context of the disclosure.
Work of the presently named inventors, to the extent that 1t 1s
described in this background section, as well as aspects of the
description that may not otherwise quality as prior art at the
time of filing, are neither expressly nor impliedly admaitted as
prior art against the present disclosure.

Fuel mjection quantities delivered to an engine are con-
trolled to meet fuel economy requirements and emission stan-
dards. The fuel quantity that passes through a fuel injector 1s
determined based on duration of fuel 1mjection (1.e., duration
when the fuel 1injector 1s energized) given a rail pressure and
a flow rate. The rail pressure 1s determined based on a pres-
sure reading from a pressure sensor when the fuel injection
starts. The tlow rate 1s predetermined based on a size of the
tuel injectors. The flow rate 1s assumed to be the same for all
injectors along a fuel rail and remains constant during life of
tuel injectors.

The fuel injectors along the fuel raill may not deliver the
same fuel quantity at the same rail pressure for the same
duration of fuel injection. Manufacturing tolerances may lead
to differing flow rates across the injectors. Moreover, the
actual flow rate may deviate from the predetermined flow rate
due to 1njector coking. “Injector coking™ refers to buildup of
deposits on the orifice of the mjector and 1s a result of expos-
ing the orifices of the 1njectors to the high heat of the com-
bustion chamber. Injector coking causes restricted fuel flow
and changes the fuel flow rate through the 1injectors. The tuel
flow rate may be constantly changed during life of 1injectors
and may not be changed 1n the same manner across all of the
injectors. As a result, fueling control of the engine may be
adversely affected.

SUMMARY

An adaptive fuel delivery control system according to the
present disclosure includes a pressure monitoring module and
a tlow rate determination module. The pressure monitoring
module determines an actual pressure drop after a fuel 1njec-
tion event on an 1njector. The tlow rate determination module
determines an adjusted flow rate based on a reference flow
rate and the pressure drop.

In other features, the reference flow rate 1s determined
based on a physical model that simulates performance of a
tuel rail. The physical model includes correlations between
reference pressure drops and reference fuel quantities. The
flow rate determination module determines a correction fac-
tor based on the actual pressure drop, the reference pressure
drop and duration of the fuel 1njection event.

A method of adaptively controlling fuel delivery according
to the present disclosure includes determining an actual pres-
sure drop after a fuel injection event and determining an
adjusted tlow rate based on a reference tlow rate and the actual
pressure drop.

Further areas of applicability will become apparent from
the description provided herein. It should be understood that
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2

the description and specific examples are intended for pur-
poses of illustration only and are not intended to limit the
scope of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings described herein are for illustration purposes
only and are not intended to limit the scope of the present
disclosure 1n any way.

FIG. 1 1s a functional block diagram of an engine system
that includes an adaptive tuel delivery control module accord-
ing to the present disclosure;

FIG. 2 1s a functional block diagram of an adaptive fuel
delivery control module according to the present disclosure;
and

FIG. 3 15 a flow diagram of a method of adaptively control-
ling fuel delivery according to the present disclosure.

DETAILED DESCRIPTION

The following description 1s merely exemplary 1n nature
and 1s not intended to limait the present disclosure, application,
or uses. It should be understood that throughout the drawings,
corresponding reference numerals indicate like or corre-
sponding parts and features. As used herein, the term module
refers to an application specific imtegrated circuit (ASIC), an
clectronic circuit, a processor (shared, dedicated, or group)
and memory that executes one or more software or firmware
programs, a combinational logic circuit, and/or other suitable
components that provide the described functionality.

The adaptive fuel delivery control system in accordance
with teachings of the present disclosure determines a correc-
tion factor based on duration of fuel injection and a difference
between an actual fuel quantity and a reference fuel quantity
during the fuel mjection. The actual fuel quantity i1s deter-
mined based on a pressure drop after the fuel injection. The
adaptive fuel delivery control system determines an adjusted
flow rate based on a reference tlow rate and the correction
factor.

Retferring to FIG. 1, an engine system 10 in accordance
with teachings of the present disclosure includes an engine
12, a fuel system 14, an intake system 16, an 1gnition system
18, and an exhaust system 20. The fuel system 14 may provide
tuel to the engine 12. The engine system 10 1s a direct injec-
tion system where fuel 1s injected directly into the com-
pressed air 1n the combustion chamber and at a high pressure.
The 1ntake system 16 provides air to the engine 12. The
ignition system 18 provides a spark to 1gnite the fuel and air
mixture in a combustion chamber of the engine 12. Combus-
tion of the air-fuel mixture in the engine 12 provides power
that 1s transierred to a transmission (not shown) and concur-
rently produces exhaust. The exhaust exits the engine 12
through the exhaust system 20.

The fuel system 14 includes a high pressure tuel pump 22,
a fuel rail 24, an 1jection system 26, a fuel line 28, and a
pressure sensor 30. The fuel pump 22 may be a piston pump
that provides high pressure fuel to the fuel rail 24 through a
fuel line 28. An engine crankshaft (not shown) drives the fuel
pump 22 through a camshaft mechanism 32. The fuel pump
22 controls a fuel mass quantity that flows to the fuel rail 24
by adjusting the fuel mass quantity that i1s trapped within a
piston cylinder of the fuel pump.

The fuel pump 22 delivers fuel under pressure through the
tuel line 28 to the fuel rail 24. The fuel rail 24 delivers high
pressure fuel to the injection system 26 at the direct injection
inputs of the engine 12. The pressure sensor 30 1s provided at
the fuel rail 24 to monitor the rail pressure. Excess fuel at the
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tuel rail 24 may be returned to a fuel tank (not shown) through
a fuel return line (not shown). The fuel return line may contain
a pressure regulator (not shown). The 1njection system 26
includes a plurality of injectors (not shown) that communi-
cate with the fuel rail 24 and that provide fuel sequentially and
directly to engine combustion chambers.

A control module 40 communicates with the engine 12, the
tuel pump 22, the fuel rail 24, the imjection system 26, the
intake system 16, the 1gnition system 18, and the pressure
sensor 30. The control module 40 includes an adaptive fuel
delivery control module 42 that controls delivery of fuel nto
a combustion chamber of the engine 12.

Referring to FIG. 2, the adaptive fuel delivery control
module 42 includes an engine condition evaluation module
44, a fuel pump control module 46, a pressure monitoring
module 48, a flow rate determination module 50, and an
injection control module 52. The engine condition evaluation
module 44 momitors the engine operating conditions and
determines whether enabling conditions are met for adap-
tively learning a tlow rate. The fuel pump control module 46
controls the fuel pump 22. The pressure monitoring module
48 recerves pressure data from the pressure sensor 30. The
flow rate determination module 50 adaptively learns a flow
rate for each i1njector based on actual fuel injection condi-
tions. The 1njector control module 352 controls fuel 1njection
timing and duration of the plurality of injectors 56.

More specifically, the enabling conditions for the learning,
process are present when fuel rail pressure 1s above a first
threshold, when engine speed (RPM) 1s below a second
threshold, and when a fuel demand 1s above a third threshold.
The enabling conditions ensure that more accurate pressure
measurements can be obtained.

Generally, the fuel rail pressure for a direct injection engine
may be between approximately 6 MPa (870 ps1) and approxi-
mately 20 MPa (2900 ps1) when the engine 1s running. There-
fore, when the direct injection engine 12 1s running, the rail
pressure 1s generally above the first threshold. Under the high
rail pressure, pressure fluctuations following the fuel 1njec-
tion event are relatively small and thus have less effect on
accurate measurement of the rail pressure.

When the engine 12 runs at low RPMs, for example only,
below 2000 RPM, the pressure oscillations have less intlu-
ence on the accurate measurement of the fuel rail pressure due
to the fuel rail 24 having more time to damp out the pressure
oscillations. Further, when the engine 12 demands more fuel
above a third threshold, more fuel flows through the fuel
injector after an injection event, resulting 1n a higher pressure
drop 1n the fuel rail. Therelfore, the pressure fluctuations have
less effect on the accurate determination of the pressure drop.

For example only, the enabling conditions may be present
when a driver increases the throttle (1.e., “tip-in”) from a
stopped condition or during a wide-open throttle accelera-
tion. During a throttle tip-in, the engine speed 1s approxi-
mately 600 RPM and the fuel demand 1s approximately four
times what 1s required during a steady state at the same RPM.

When the enabling conditions are present, the fuel pump
control module 46 1s commanded to disable the fuel pump 22
and the flow rate determination module 50 1s activated to
adaptively learn the flow rate.

During normal engine operation, the fuel pump control
module 46 commands the fuel pump 22 to deliver a requested
amount of Tuel to the fuel rail 24. The mjector control module
52 energizes the plurality of injectors 56 to 1nject fuel sequen-
tially according to a requested timing and pulse width. During,
the learning process, the fuel pump control module 46 dis-
ables the fuel pump 22 and no fuel 1s delivered to the tuel rail
24. As such, the fuel rail 24 may reach a steady state prior to
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an 1njection event on a specific ijector. Maintaining the fuel
rail 24 close to a steady state minimizes pressure tluctuations
to ensure accurate measurement of the rail pressure.

The pressure monitoring module 48 receives pressure read-

ings (1.e., first pressure and second pressure) from the pres-
sure sensor 30 before and after an 1njection event on a specific
injector. The pressure monitoring module 48 determines an
actual pressure drop based on the first pressure and the second
pressure. The pressure monitoring module 48 sends a signal
to the flow rate determination module 50 indicating the actual
pressure drop.
The flow rate determination module 50 includes a look-up
table 54 that includes correlations between a pressure drop
and a tuel quantity at different first rail pressures immediately
before a fuel ijection event. The correlations are obtained
based on a physical model. The physical model includes
mathematical equations that characterize or simulate opera-
tion or performance of the fuel rail based on the law of
physics, commonly with the aid of a computer. The physical
model represents the desired performance of the tuel rail. The
data obtained by the physical model represents the desired
parameters for a fuel rail without complicated testing.

The actual pressure drop 1s compared with the reference
pressure drop. If the actual pressure drop deviates from the
reference pressure drop and exceeds a threshold percentage
ol the reference pressure drop, correction to the flow rate may
be performed. The tlow rate determination module 50 deter-
mines an actual quantity of tuel that flows through the specific
injector based on the first rail pressure, the actual pressure
drop, and the look-up table 54. The reference fuel quantity 1s
determined based on a reference fuel flow rate and duration of
the fuel 111]6Ct1011 The reference fuel flow 1s predetermined
based on size of the fuel injector (fuel tlow capacity) and the
first rail pressure measured immediately before the fuel injec-
tion.

The flow rate determination module 50 determines a cor-
rection factor based on the difference between the actual fuel
quantity and the reference fuel quantity and the pulse width of
a pulse width signal that energizes the fuel injector (i.e.,
duration of the fuel injection). The flow rate determination
module 50 determines a learned or adjusted tlow rate based on
a reference tlow rate and the correction factor. When the
actual pressure drop 1s larger than the reference pressure drop,
the fuel injector delivers more fuel than required. The
adjusted flow rate 1s the sum of the reference flow rate plus the
correction factor. When the actual pressure drop 1s lower than
the reference pressure drop, less fuel than required 1s deliv-
ered through the fuel injector. The adjusted tlow rate 1s equal
to the reference flow rate minus the correction factor.

Alternatively, the correction factor may be determined
based on a predetermined number (for example only, 10) of
fuel 1mnjection events on a specific injector. The averaged fuel
quantity for one injection event may be determined based on
the accumulative pressure drop. The correction factor may be
determined based on an averaged fuel quantity and the refer-
ence fuel quantity.

After the adjusted flow rate for the specific injector 1s
determined, the adaptive fuel delivery control module 42 may
continue to determine a learned flow rate for the remaining
injectors 1f the enabling conditions are still present. If the
enabling conditions are no longer present, the learning pro-
cess can be scheduled at a later time for a next or remaining
injector(s). The pump control module 46 enables the fuel
pump 22 to resume supply of high pressure fuel to the fuel rail
24. The 1njector control module 52 energizes the plurality of
injectors 56 for duration based on the adjusted tlow rate, 1f
available. The adaptive learning process may be scheduled
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regularly to ensure that the ac Justed flow rate reflects the
actual tflow conditions of the injectors.

Referring to FIG. 3, a method 80 of adaptively controlling
tuel delivery starts 1in step 82. The engine condition evaluation
module 44 determines whether enabling conditions are
present 1n step 84. I the enabling conditions are not present,
the method 80 goes to step 110 and ends. If present, the
adaptive fuel delivery control module 42 determines whether
the high pressure fuel pump 22 1s disabled in step 86. If the
tuel pump 22 1s not disabled, the fuel pump control module 46
disables the fuel pump 22 in step 88. The pressure sensor 30
measures a first rail pressure 1n step 90. The fuel njector
control module 52 energizes an 1njector 1n step 92 to mject a
desired (or reference) fuel quantity into an associated cylin-
der. After the injection event, the pressure sensor 30 measures
a rail pressure to obtain a second rail pressure 1n step 94. The
pressure monitoring module 48 determines an actual pressure
drop based on the first rail pressure and the second rail pres-
sure 1n step 96.

The flow rate determination module 50 determines
whether the absolute value of the difference between the
actual pressure drop and a reference pressure drop exceeds a
threshold percentage of the reference pressure drop 1n step 98.
I1 the absolute value of the difference exceeds the threshold
percentage, correction 1s necessary. The flow rate determina-
tion module 50 determines the actual fuel quantity and a
correction factor based on the actual fuel quantity, the refer-
ence fuel quantity and duration of the fuel injection 1n step
100. I the actual pressure drop 1s greater than the reference
pressure drop 1n step 102, the adjusted tlow rate 1s the sum of
the reference tlow rate and the correction factor in step 106. IT
the actual pressure drop 1s less than the reference pressure
drop 1n step 102, the adjusted tlow rate 1s equal to the refer-
ence flow rate minus the correction factor in step 104. If not
all injectors have undergone the learning process in step 108,
the method 80 returns to step 84 to determine the flow rate of
the next or remaimng 1njector(s) if the enabling conditions are
still present. Otherwise, the method 80 ends 1n step 110.

Those skilled 1n the art can now appreciate from the fore-
going description that the broad teachings of the present
disclosure can be implemented 1n a variety of forms. There-
fore, while this disclosure has been described 1n connection
with particular examples thereot, the true scope of the disclo-
sure should not be so limited since other modifications will
become apparent to the skilled practitioner upon a study of the
drawings, specification, and the following claims.

What 1s claimed 1s:

1. An adaptive fuel delivery control system comprising:

a fuel pump control module that commands a fuel pump to
supply no fuel to a fuel rail for a period, wherein the fuel
pump 1s driven by a camshaift of an engine;

a pressure monitoring module that, during the period, mea-
sures a change 1n pressure 1n the fuel rail over a fuel
injection period; and

a flow rate determination module that determines a correc-
tion factor based on the measured change 1n fuel rail
pressure, and that determines an adjusted fuel injection
period based on the correction factor.

2. The adaptive fuel delivery control system of claim 1
wherein the flow rate determination module determines a
mass of fuel imjected by a fuel 1injector based on the measured
change 1n fuel rail pressure.

3. The adaptive fuel delivery control system of claim 2
wherein the flow rate determination module uses a lookup
table to determine an expected mass of fuel based on the fuel
injection period and a fuel rail pressure before the fuel 1njec-
tion period.
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4. The adaptive fuel delivery control system of claim 3
wherein the tlow rate determination module determines the
correction factor based on the determined fuel mass and the
expected fuel mass.

5. The adaptive fuel delivery control system of claim 4
wherein the correction factor increases fuel injection when
the determined fuel mass 1s less than the expected fuel mass or
decreases fuel 1njection when the determined fuel mass 1s
greater than the expected fuel mass.

6. The adaptive fuel delivery control system of claim 3
wherein the adjusted tuel injection period 1s based on a prod-
uct of the correction factor and the fuel 1mnjection period.

7. The adaptive fuel delivery control system of claim 5
wherein the adjusted fuel 1njection period 1s based on a sum of
the correction factor and the fuel injection period.

8. The adaptive fuel delivery control system of claim 1
wherein the pressure monitoring module measures the
change 1n fuel rail pressure based on a difference between a
first fuel rail pressure and a second fuel rail pressure, wherein
the first fuel rail pressure 1s measured at a start of the fuel
injection period and the second fuel rail pressure 1s measured
at an end of the fuel injection period.

9. The adaptive fuel delivery control system of claim 1
further comprising an engine condition evaluation module
that activates the flow rate determination module when
enabling conditions are met, wherein the enabling conditions
are determined based on fuel demand, engine speeds and fuel
rail pressure.

10. The adaptive fuel delivery control system of claim 9
further comprising a fuel pump control module that com-
mands the fuel pump to supply no fuel to the fuel rail when the
enabling conditions are met.

11. A method of adaptively controlling fuel delivery com-
prising:

commanding a fuel pump to supply no fuel to a fuel rail for

a period, wherein the fuel pump 1s driven by a camshatt
of an engine;

during the period, measuring a change in pressure in the

tuel rail over a fuel 1mjection period;

determiming a correction factor based on the measured

change 1n fuel rail pressure; and

determiming an adjusted tuel injection period based on the

correction factor.

12. The method of claim 11 further comprising determin-
ing a mass ol fuel mjected by a fuel imjector based on the
measured change 1n fuel rail pressure.

13. The method of claim 12 further comprising using a
lookup table to determine an expected mass of fuel based on
a Tuel rail pressure before the fuel injection period and the tuel
injection period.

14. The method of claim 13 further comprising determin-
ing the correction factor based on the determined fuel mass
and the expected fuel mass.

15. The method of claim 13 further comprising applying
the correction factor to increase fuel injection when the deter-
mined fuel mass 1s less than the expected fuel mass or to
decrease fuel injection when the determined fuel mass 1s
greater than the expected fuel mass.

16. The method of claim 15 wherein the adjusted fuel
injection period 1s determined based on a product of the
correction factor and the fuel 1njection period.

17. The method of claim 15 wherein the adjusted fuel
injection period 1s determined based on a sum of the correc-
tion factor and the fuel injection period.

18. The method of claim 11 further comprising:

measuring a first fuel rail pressure at a start of the fuel

injection period;
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measuring a second fuel rail pressure at an end of the fuel
injection period; and

determining the measured change in fuel rail pressure
based on a difference between the first and second mea-
sured fuel rail pressures.

19. The method of claim 11 further comprising command-

ing the fuel pump to supply no fuel to the fuel rail when
enabling conditions are met, wherein the enabling conditions
are determined based on fuel demand, engine speeds and fuel
rail pressure.

20. A method for controlling fuel 1injection in an engine,

comprising;

measuring a first pressure of fuel 1n a fuel rail;

commanding a fuel pump to supply no fuel to the fuel rail
for a period, wherein the fuel pump 1s driven by a cam-
shaft of an engine;

actuating a fuel injector to 1nject fuel into the engine for a
fuel mjection period, wherein the fuel rail supplies the

fuel to the fuel mjector;
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aiter the fuel 1njection period, measuring a second pressure
of fuel 1n the fuel rail;

determining an amount of fuel injected by the fuel injector
during the fuel injection period based on the first and
second measured pressures;

determining a correction factor based on the amount of fuel
injected by the fuel injector and a desired amount of fuel,
wherein the desired amount of fuel 1s based on the fuel
injection period;

aiter the period, commanding the fuel pump to supply fuel
to the fuel rail; and

actuating the fuel injector to iject fuel into the engine for
a corrected injection period, wherein the corrected 1njec-
tion period 1s based on the fuel 1njection period and the
correction factor.
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